Ligand-induced proteolysis of Notch produces an intracellular effector domain that transduces essential signals by regulating the transcription of target genes. This function relies on the formation of transcriptional activation complexes that include intracellular Notch, a Mastermind co-activator and the transcription factor CSL bound to cognate DNA. These complexes form higher-order assemblies on paired, head-to-head CSL recognition sites. Here we report the X-ray structure of a dimeric human Notch1 transcription complex loaded on the paired site from the human HES1 promoter. The small interface between the Notch ankyrin domains could accommodate DNA bending and untwisting to allow a range of spacer lengths between the two sites. Cooperative dimerization occurred on the human and mouse Hes5 promoters at a sequence that diverged from the CSL-binding consensus at one of the sites. These studies reveal how promoter organizational features control cooperativity and, thus, the responsiveness of different promoters to Notch signaling.
a r t i c l e s Notch proteins are highly conserved transmembrane receptors that regulate many developmental events through contact between cells in multicellular organisms. The importance of Notch as a developmental regulator in mammals is underscored by the developmental defects and embryonic lethality that are associated with loss-of-function mutations in core components of the Notch pathway in both mice and humans 1 . The requirement for tight control of Notch activity is also highlighted by the association of dysregulated Notch activity with cancer. Most notably, mutations in human Notch1 that lead to increased Notch signaling activity are found in more than half of T-cell acute lymphoblastic leukemia/lymphomas 2 .
Notch receptors are normally activated by regulated intramembrane proteolysis 3 . After it engages with a ligand, Notch becomes sensitive to metalloprotease cleavage at its juxtamembrane site 2 (refs. 4,5) , resulting in shedding of the ectodomain. This step creates a transient membrane-tethered species that is subsequently cleaved by the γ-secretase multiprotein enzyme complex [6] [7] [8] [9] [10] to release the intracellular portion of Notch (referred to as either ICN, NICD or NotchIntra) from the membrane, thereby allowing it to translocate to the nucleus. There, it assembles into a DNA-bound Notch transcription complex (NTC) that also contains two other proteins: a ubiquitous DNA-binding transcription factor called CSL (CBF1, suppressor of hairless and LAG-1; refs. 11, 12) , and a co-activator of the Mastermind family (Mastermind-like, or MAML, in mammals) [13] [14] [15] [16] .
Purified mammalian and worm CSL proteins bind as monomers to DNA in a sequence-specific fashion; the consensus sequence to which mammalian CSL binds is (C/A/T)(G/A)TG(G/A/T)GAA 16 . The structures of mammalian and worm multiprotein complexes that contain portions of Mastermind, ICN and CSL on cognate DNA have shown that the ankyrin domain of Notch (ANK) and a RELhomology domain of CSL create a composite binding site for the N-terminal region of Mastermind-like coactivators 17, 18 ; however, the binding of ICN and Mastermind-like proteins does not produce any new protein-DNA contacts or perturb existing ones between CSL and DNA 19 .
Although CSL-ICN-MAML complexes can bind DNA as monomers, several well-characterized Notch target genes have more than one CSL-binding site in their proximal promoters. In particular, the promoters of some Drosophila and mammalian hairy/enhancerof-split (Hes) and related (Hesr) genes contain a conserved pair of CSL binding sites in a pseudosymmetrical head-to-head orientation that are separated by 15-19 base pairs (bp). This type of element is termed a Su(H)-paired site or sequence paired site (SPS) [20] [21] [22] . Disruption of an SPS by mutation of either site, inversion of a site or the insertion or deletion of base pairs between the sites abrogates Notch-dependent gene transcription in cell-based assays and transgenic flies 20, 23 .
Although the X-ray structures explain how Notch nuclear effector complexes readily assemble onto DNA that contains a single CSL binding site, it is unclear how the arrangement of multiple CSL binding sites influences the transcriptional activity of various Notch-responsive promoters. Some progress into understanding how cooperativity might take place has emerged from consideration of crystal contacts between two copies of the ANK domain related by a twofold symmetry axis 18 in the structure of the human monomeric complex.
The interface between the symmetry-related complexes orients their respective single-site DNA duplexes head to head in a near-linear a r t i c l e s orientation about 65 Å apart. Biochemical studies have shown that mutation of interacting residues at the crystal-packing interface of the Notch intracellular domains (NICDs) disrupts cooperative complex assembly on the human HES1 SPS 24 . However, when modeled onto the human HES1 SPS as ideal B-form DNA, the NICD residues that have been implicated in higher-order complex assembly lay almost 50 Å apart (Supplementary Fig. 1) . If the observed contacts in the pseudodimer crystal represent the real dimer interface, then the two NTCs, the DNA to which they are bound, or both must undergo a substantial conformational change to bring the dimerization interfaces of the two complexes into close proximity when bound to an SPS.
To reveal the topology of Notch transcription complexes bound to a real SPS, we determined the X-ray structure of a human Notch1 ANK-CSL-MAML1 dimeric complex bound to HES1 paired-site DNA. To complement the structural studies, we also used biochemical studies and reporter gene assays to investigate the dimerization dependence of other Notch target genes that have clustered CSL binding sites. These studies identified one subset of Notch-responsive promoter elements that are dimer independent, represented by mouse Hey2 and human HEYL. Our studies also uncovered a conserved, cryptic paired element in the mouse and human Hes5 promoters that supports the cooperative assembly of dimeric Notch transcription complexes, even though the target DNA sequence diverges substantially from the CSL-binding consensus at one of the two paired sites. This suggests that some Notch-responsive promoters may be dimerization dependent despite the absence of recognizable paired sites. Our results give insight into how cooperativity in the formation of Notch transcription complexes can act as a key control point to regulate the transcriptional responses of different promoters to Notch activation.
RESULTS
We solved the structure of the Notch1 ANK-CSL-MAML1 dimeric complex bound to HES1 paired-site DNA by molecular replacement to 3.45-Å resolution ( Table 1 ). The final model includes two CSL-ANK-MAML1 complexes (NTCs) bound to a 37-bp DNA oligonucleotide. Residues 12-434 of CSL, residues 1,921-2,119 of Notch1 and residues 16-70 of MAML1 were all built for both copies of the NTC, and all of the DNA was resolved in the final model ( Table 1 ). The first ankyrin repeat of Notch1, which was partially ordered in the structure of a monomeric NTC on single-site DNA, was not seen in either copy of the Notch1 ANK domain in this structure.
Complex architecture and contact interface
The protein complex assembled as a dimer of heterotrimers with twofold symmetry on the SPS DNA, with the two CSL protein subunits anchoring the protein assembly to the DNA at the two binding sites in a head-to-head orientation (Fig. 1a,b) . We found contacts between the two NTCs only on the convex face of the Notch1 ANK domains, and there was little conformational change in each individual NTC trimer upon formation of the dimer. To bring the two ANK domains into contact with each other, the HES1 paired-site DNA bent and untwisted substantially relative to B-form DNA, with an average helical twist of 34.3° across each base of the 16-bp spacer that resulted in a cumulative untwisting of 28° across the DNA spacer between the two CSL sites.
The two NTCs contacted each other through Notch1 ankyrin domain interactions that showed twofold symmetry perpendicular to the DNA helical axis. The three residues that have been previously implicated in dimerization of NTC complexes (Arg1985, Lys1946 and Glu1950) all made direct contact at this ANK-ANK interface in the complex. The Arg1985 of one ANK domain packed into a pocket created by the Arg1985 and surrounding residues of the adjacent ANK domain, and the Lys1946 residue of each ANK subunit formed a saltbridge to Glu1950 of the other subunit (Fig. 1c,d) .
Comparing the structure of the naturally occurring NTC dimer bound to the HES1 paired site with that of the pseudodimer created at the crystal-packing interface of NTCs bound on single-site DNA 24 also provides insight into how NTC dimers might form on DNA response elements with different spacer lengths (Fig. 1e) . Whereas superposition of one ANK domain of the true dimer onto an ANK domain of the symmetry-related pseudodimer revealed that the α-carbon atoms of Arg1985 and the Lys1946-Glu1950 residues that were engaged in salt bridge contacts nearly superimposed on one another, we found a substantial displacement in the relative orientations of the CSL and MAML1 molecules in the second complex of the true dimer when compared with the pseudodimer. The entire NTC in the second copy of the native dimer was twisted relative to the second NTC of the pseudodimer, which shifted the position of the CSL protein by 12-17 Å at its contact point with the DNA so that it occupied its preferred binding site (Fig. 1e) . As the same protein contacts were maintained at both dimer interfaces, the evolution of the ANK-ANK interface had to maintain the integrity of the dimer interface while accommodating different degrees of twist and bending angles of the DNA, as necessitated by the varying distances (15-18 bp) between the two CSL binding sites in different promoter elements 20, 22, 24 .
Dimer dependence of SPS elements in other responsive genes
To investigate the range of naturally occurring promoter sequences that might load NTC complexes cooperatively onto DNA, we identified several putative Notch targets with paired sites in their proximal promoters, defined as sequences up to 5 kb upstream of the a r t i c l e s transcriptional start site. In our initial search of the human genome, we restricted consideration to paired sites that had a 16-bp spacer because this distance is the spacing seen in the mouse and human HES1 paired sites. Genes with sequences that fit these criteria include HES4 and FJX1 (ref. 25) , which have two predicted CSL binding sites (Fig. 2a) separated by spacers with relatively high GC content (69% and 81%, respectively) compared to the spacer in the HES1 SPS (38%). We tested whether NTCs cooperatively dimerized on the SPS elements from these two promoters using electrophoretic mobility shift assays (EMSAs; Fig. 2b ). For these studies, we used a region of intracellular Notch1 that includes both the N-terminal RAM (RBP-Jκ-associated molecule) and ANK regions of the protein (RAMANK). On a DNA probe that contained a single CSL binding site, both wild-type RAMANK and the R1985A mutant readily assembled into ternary DNA-bound complexes with CSL and MAML1. When the probes comprised DNA sequences with the SPS architecture (two CSL sites oriented head to head with a spacer of 16 bp), CSL alone bound noncooperatively to the DNA, with most probes loading a single copy of the CSL protein. The addition of either wild-type or R1985A RAMANK supershifted the CSL bands without substantially altering the stoichiometry of singly and doubly bound probe molecules. When we added MAML1 to wild-type RAMANK-CSL-DNA complexes, there was a marked change in the stoichiometric distribution of complexes; all of the DNA probe molecules were either free or in an NTC dimeric complex with a higher molecular weight, showing that there is cooperativity in the assembly of these higherorder complexes when MAML1 is present. By contrast, the addition of MAML1 to R1985A RAMANK-CSL-DNA complexes did not produce this single higher-order complex (see also ref. 24 ). These studies show that NTCs that contained wild-type ICN1, but not the R1985A dimer-defective mutant, underwent cooperative dimerization on these sites.
To extend these findings, we identified other naturally occurring SPS elements in the human genome with a range of spacer lengths between the two CSL sites and tested whether these elements also bound NTC dimers cooperatively in our EMSA (Fig. 2c) . These studies showed that intersite spacers of 15-17 bp also permitted cooperative loading of higher-order complexes, consistent with previous biochemical studies of mutated forms of the human HES1 SPS 24 .
Dimerization dependence of target genes without a canonical SPS
To investigate whether other well-established Notch transcriptional targets rely on the formation of dimeric ICN-CSL-MAML1 complexes, we used luciferase reporter gene assays to test known Notch-responsive genes 23, 26 for their dimerization dependence using a collection of a r t i c l e s dimerization-competent and dimerization-deficient forms of activated Notch (Fig. 3) . These studies revealed two distinct classes of Notchresponsive proximal promoters. The first class, which is represented by human HEYL and mouse Hey2 (Fig. 3a) , shows no detectable dimerization dependence (Fig. 3b) . On the other hand, the second class, which is represented by mouse Hes5 (Fig. 3a) , shows a marked decrease in reporter activity when transfected with dimerization-incompetent forms of activated Notch (R1985A, K1946E and E1950K). The chargeswapped double mutant K1946E E1950K, which restores dimerization competence, rescues this decrease in activity (Fig. 3b) . To test the role of dimerization in ligand-dependent signaling, we also investigated the responsiveness of the promoter elements from HES1, Hes5, Hey2 and HEYL and the strong TP1 response element (predicted to be dimerization independent) to full-length Notch1 and to the R1985A dimerizationdeficient mutant. We carried out two sets of experiments: one with immobilized Delta-like 1 (DLL1) ligand (a human homolog of the Notch ligand Delta) and the other with Chinese hamster ovary (CHO) cells that expressed DLL1. The results of these studies showed that the conclusions derived from the reporter assays carried out with intracellular Notch also hold for the full-length receptors in a ligand-dependent configuration (Supplementary Fig. 2a,b) . These findings show that the formation of dimeric Notch complexes contributed to the transcriptional activation of the HES1 and Hes5 reporters, but not to that of the HEYL or Hey2 reporters. Although the conserved mouse and human Hes5 promoters have several consensus CSL binding sites clustered in the proximal promoter region 23 , none is partnered with a consensus second site in an SPS arrangement. To identify the origin of the observed dimer dependence of the Hes5 promoter, we performed a series of complementary gel shift experiments and reporter assays. EMSAs confirmed that NTCs assembled on isolated D and E site sequences (Fig. 4a,b) , which are the two sites most proximal to the transcriptional start site (Fig. 4c) . The reporter assays then confirmed that only the integrity of site E (the most proximal consensus site) is essential for transcriptional activation by all forms of ICN1, as mutation of this site (E mut ) resulted in almost complete loss of activity in the reporter assay 23 ( Fig. 4d) . By contrast, mutation of the upstream site D had a much less pronounced effect on reporter activity (Fig. 4d) . Moreover, the dimerization dependence of this activity was retained in the promoter with the D site mutation, indicating that the E site harbors the dimerization-responsive element.
Identification of a cryptic SPS in mammalian Hes5 promoters
Our findings suggested that a second, 'cryptic' paired CSL-binding site might exist in the head-to-head orientation 15-17 bp from the primary E site. To test this hypothesis, we first extended the E-site DNA sequence used in the EMSA to encompass the proposed secondary site and assessed whether the mouse and human 
versions (which differ at 1 bp in the putative secondary binding site) could cooperatively load higher-order Notch complexes (Fig. 5a,b , human E site; Supplementary Fig. 3 , mouse E site). This analysis confirmed that the extended E-site sequence supported cooperative assembly of higher-order Notch transcription complexes and that this cooperativity was lost when the R1985A mutation was used to disrupt the dimerization interface. By contrast, extended Hes5 D-site and Hey2 sequences (Fig. 5a) did not promote the cooperative formation of higher-order complexes or alter the loading of wild-type ICN1 or the R1985A mutant from of ICN1 onto DNA (Fig. 5b) .
To investigate the role of the secondary site, we tested the effects of mutations in this site on the transcription of reporter genes and on cooperative dimerization in the EMSA (Fig. 5) . The secondary site mutation (E mut-2°) abrogated the response of ICN1 in the reporter assays to the same extent as did mutation of the primary E site (E mut ; Fig. 5c,d) . The same mutation in the context of extended HES5 E-site DNA also prevented the formation of higher-order complexes in the EMSA without affecting the loading of an NTC onto the primary CSL binding site (Fig. 5a,b) . These studies support the idea that the dimerization dependence of the Hes5 promoter results from the presence of a low-affinity CSL binding site that, in the context of the flanking high-affinity E-site, creates a cryptic SPS response element. Hes5 promoter constructs that contained this cryptic site but lacked elements upstream of the E site were not fully active 23 , suggesting that-unlike the HES1 SPS-this cryptic site alone is not sufficient for full transcriptional output.
DISCUSSION
We have described the structure of a dimeric NTC on paired-site promoter DNA from the HES1 gene and shown that dimeric NTCs could form cooperatively on a cryptic paired site from the mouse and human Hes5 promoter. We have also identified examples of dimer-independent and dimer-dependent promoter elements, which provide new insights into the intrinsic biochemical factors that are likely to govern the transcriptional responses of target genes to Notch in different developmental, physiological and pathophysiological contexts.
The structure revealed the mode by which NTCs cooperate to bind paired-site DNA elements. The dimer interface was restricted to the Notch ANK domain and buried a modest surface of less than 500 Å 2 on each ANK molecule. By using a limited contact interface, the two NTCs can rotate relative to each other to accommodate longer or shorter spacers between the two CSL binding sites, and this supports the idea that there is some flexibility in spacer lengths between sites.
The affinity of CSL for the high-affinity site in the HES1 SPS (TGTGGGAA) is twice as strong as that seen for the second site (CGTGTGAA; ref. 27) . Consistent with this, we found cooperative dimer formation on SPS elements that had a range of predicted individual site affinities. One consequence of variation in the details of paired sites might be differential tuning of the threshold for assembly of dimeric Notch transcription complexes in response to Notch activation, but the weight of this input relative to other variables is not clear. Computational searches that are designed to map potential SPS elements in the regulatory regions that control the transcription of Notch target genes might need to loosen the definition of the second site consensus motif to account for these observations.
Although there were no direct contacts between MAML1 proteins in our structure, cooperative dimerization of NTCs depended on MAML1. One possible explanation for this dependence is that the ANK domain of Notch is dynamic in the absence of MAML, exchanging between CSL-bound and free positions when CSL is engaged by the RAM polypeptide. In this model, addition of MAML1 would lock the ANK domain into the position seen in the crystal structures of Notch transcription complexes. This model is consistent with the small buried surface area at the ANK-ANK dimer interface and with the failure of the Notch1 ANK domain alone to form dimers in solution at typical intracellular protein concentrations 18, 28 . Although fluorescence resonance energy transfer assays show that the ankyrin domains of RAMANK molecules sample the closed conformation in the context of RAMANK-CSL-DNA complexes 29 , this finding is compatible with the possibility that ANK and CSL interact dynamically in the absence of the MAML1 polypeptide. Further investigation of the effect of MAML1 on ANK-CSL interactions at the single-molecule level might help to explain its importance.
Our cell-based assays also identified two kinds of Notch response element: those that are dimerization dependent and those that are dimerization independent. There are a number of potential mechanistic explanations for the existence of dimerization dependence at some sites but not others. One possibility is that dimerization is needed for effective displacement of repressors such as Ikaros family proteins, which are key negative regulators of Notch transcriptional targets a r t i c l e s in certain cell types and which have binding-site preferences that overlap with those of CSL 30 . The formation of dimeric complexes might also increase the duration of DNA binding-site occupancy though an avidity effect. This mechanism might be needed in the case of Notch transcription complexes because the affinity of CSL for consensus DNA binding sites is relatively low when compared to other transcription factors 27 . It is also possible that dimeric complexes in the paired-site arrangement either directly or indirectly recruit additional proteins, such as E-box binding proteins 20 , that drive the transcriptional response and that monomeric target genes recruit additional factors through different mechanisms. Structurally undetermined regions N-terminal to the ankyrin domain of Notch, the N-terminal region of MAML and the C terminus of CSL are in all in close proximity to the putative dimerization interface of ANK. It is therefore possible that flanking regions of Notch, CSL and MAML could enhance the dimerization of NTCs or provide a new composite surface for the accrual of additional factors.
Finally, complementary studies of mouse models of T-cell development and leukemogenesis have highlighted the relevance of NTC dimerization in vivo 31 . Bone-marrow transplantation of hematopoietic precursors that express both wild-type ICN1 and the R1985A mutant supports the specification of T-cell fate from a multipotential precursor. However, only ICN1 can support full T-cell maturation in this model. Moreover, hematopoietic precursors that express normal ICN1 rapidly induce leukemia with virtually 100% penetrance when introduced into lethally irradiated mice, whereas the R1985A mutant does not induce leukemia in this model. These data strongly support the idea that both dimer-dependent and dimer-independent Notch transcriptional targets exist in both physiological and pathological contexts. Thus, the dimerization interface itself presents a potential target for therapeutic manipulation that would be selective for some, but not all, Notch-dependent cellular functions.
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